Complications of allogeneic and autologous blood transfusion
Both allogeneic and autologous blood transfusion have inherent complications that make it desirable to avoid them if possible. While allogeneic blood is safer than it has ever been, the risk of acquiring an infectious agent from a transfusion is still a concern for patients and their physicians. All donated blood undergoes testing for ABO group, Rh type, antibody screen, hepatitis B surface and core antigens, hepatitis C, HIV-1 and HIV-2, human T-cell lymphotropic virus (HTLV) -1 and HTLV-2, and syphilis [7] . Despite this testing, there is a small incidence of viral transmission with an allogeneic blood transfusion [18] . This is estimated at 1:180,000 for Hepatitis B, 1:1.6 million for Hepatitis C, and 1:1.9 million for HIV. In addition to viral transmission, bacterial contamination of blood products is possible. It is estimated that septic complications caused 16% of the 182 transfusion-associated fatalities reported to the US Federal Drug Administration (FDA) between 1986 and 1991 [18] . Only 28% of these fatalities followed red blood cell (RBC) transfusions; the rest occurred after platelet transfusion. With regard to prion-mediated diseases such as Creutzfeldt-Jakob disease, no documented case of transfusion-related prion infection has ever been reported in animals or humans. However, there recently was a case of variant Creutzfeldt-Jakob disease (vCJD) that had a strong possibility of being the result of a blood transfusion, based on probability analysis [1, 17] . There are non-infectious risks of allogeneic transfusion as well [11] . These include transfusion-related, acute lung injury, graft-versus-host disease, anaphylaxis, hemolysis, and posttransfusion purpura. Transfusion-related acute lung injury is a syndrome of dyspnea, hypotension, and pulmonary edema that develops between the beginning of transfusion and up to 4 h afterwards [14] . It appears to be associated with the presence of human leukocyte antigens (HLA) class I and II antibodies, and is fatal in 5-10% of cases. Therefore, allogeneic blood transfusion is associated with several important risks and it remains true that minimizing allogeneic transfusions would be a worthwhile advantage of a hemoglobin substitute.
Although many adverse events are eliminated with preoperative autologous donation (PAD), autologous transfusion still has associated risks. First, there is the potential for patients to develop anemia as a result of repeated phlebotomy, particularly if the last unit of donated blood is given within 15 days of the anticipated surgery [7] . Furthermore, since the patients donating blood are frequently elderly or have medical comorbidities, there is a reported 12-fold increase in the number of post-donation adverse reactions, including hospitalizations, compared to allogeneic blood donors. This risk is higher in the elderly [7] . The complications related to fluid overload and bacterial contamination are still present with autologous blood. Finally, there is the cost and logistic effort involved in collecting the blood as well as the frequent wasting of unneeded units.
The rationale for hemoglobin substitutes
With almost half of all patients undergoing hip or knee arthroplasty requiring a blood transfusion, a reliable safe hemoglobin substitute would give the operative team a viable option in avoiding a transfusion. In addition, hemoglobin substitutes are useful in other patients who suffer from acute anemia, including victims of trauma and patients undergoing vascular or cardiothoracic procedures. A hemoglobin substitute that is stable at room temperature and does not require cross-matching may also be a lifesaving measure in ambulances and at the scenes of mass casualties. Finally, a hemoglobin substitute can function as a "bridge," facilitating oxygen transport during the acute phase of blood loss, which allows the hematopoietic system an opportunity to stimulate its production of reticulocytes.
Research in the field of hemoglobin substitutes has led to the development of several substances that seek to reproduce the function of RBCs. Such a product must satisfy several criteria to be useful. First, it must mimic the oxygen-carrying capacity of hemoglobin; as explained below, no product in clinical trials has the exact affinity for oxygen at different oxygen concentrations as does erythrocyte-encased human hemoglobin. Second, it must be safe with a low side-effect profile compared to allogeneic blood transfusion. Third, it must be retained in plasma for a clinically relevant period of time. Finally, it must be costeffective and convenient in order to achieve widespread use [24] .
The physiology of hemoglobin and red blood cells Familiarity with the structure and physiology of hemoglobin is critical to understanding the potential advantages and drawbacks of hemoglobin substitutes. Synthesis of hemoglobin occurs in the proerythrocyte in the bone marrow and continues in the early stage of the reticulocyte as it is released into the bloodstream [8] . First, the heme molecule is synthesized as the combination of protoporphyrin IX and iron (Fe ++ ). Each heme molecule then combines with a long polypeptide chain called a globin, producing a hemoglobin chain. Four hemoglobin chains bind loosely together to form the whole hemoglobin molecule (Fig. 1 ). There are slight differences between different globin chains (such as alpha, beta, gamma) based on amino acid sequence. The most common form of adult human hemoglobin is hemoglobin A, which is composed of two α and two β polypeptide chains. Therefore, each hemoglobin molecule has four heme groups that are capable of carrying one molecule of O 2 each. The molecular weight of the hemoglobin tetramer is 64,458. Hemoglobin is able to combine loosely and reversibly with oxygen. The globin subunits in a hemoglobin molecule that is free of oxygen (deoxyhemoglobin) are held together in a configuration that has a relatively low affinity for oxygen [19] .
Once an oxygen molecule binds to a heme group, the electrostatic forces between the individual chains relax, leading to exposure of the other oxygen-binding sites and an increased affinity for oxygen. This explains the sigmoid shape of the hemoglobin oxygen-saturation curve. This relationship allows hemoglobin to serve its function of binding oxygen in a high-O 2 pressure environment (the lungs) and releasing it in the low-O 2 pressure peripheral tissues. The affinity of hemoglobin to oxygen is affected by several factors. Hydrogen and carbon dioxide decrease hemoglobin's affinity to oxygen, allowing more oxygen to be released to the end organs. 2,3-diphosphoglycerate (2,3-DPG) in the red blood cell stabilizes the deoxyhemoglobin configuration and reduces the affinity of hemoglobin to oxygen.
Hemoglobin is carried in high concentrations by RBCs, which have a lipid bilayer membrane. This membrane protects the hemoglobin tetramers; without it, the tetramers would quickly dissociate into dimers and monomers, which subsequently get cleared by the kidney [24] . The average RBC carries its hemoglobin for an average of 120 days before being destroyed [8] . This points to a major challenge with extracellular hemoglobin substitutes, namely, the relatively short half-life of the compound compared to allogeneic RBCs. The RBC also prevents the release of heme from hemoglobin, which would be damaging to peripheral tissues. Moreover, hemoglobin contained in the RBC does not get oxidized to methemoglobin, a molecule that is not capable of transporting oxygen and that can cause oxidative damage to surrounding tissues [24] .
Development of hemoglobin substitutes
With this in mind, it is possible to understand the various materials that have been developed to reproduce the function of RBC. Three types of products are under development as hemoglobin substitutes. The first and most vigorously studied is hemoglobin-based oxygen carriers (HBOC), which are cell-free hemoglobin preparations using hemoglobin from animals or humans. The second approach is the use of perfluorocarbons, which are cyclic or linear carbon molecules substituted with fluorine. Lastly, liposome-encapsulated hemoglobin has been researched as a way to avoid the shorter half-life of extracellular hemoglobin; this approach is still in the preclinical development stage.
Hemoglobin-based oxygen carriers (HBOC)

Sources and sterilization
HBOCs are produced by lysing human or bovine RBCs, subjecting them to a rigorous sterilization process, and then treating them chemically (e.g., forming polymers) to allow them to be more stable after transfusion. The three potential sources for hemoglobin for hemoglobin substitutes are outdated human RBCs, bovine RBCs and recombinant human Hb. Only 5-10% of donated allogeneic blood becomes outdated and, therefore, the quantity of hemoglobin available from this source may not be sufficient for mass production of hemoglobin substitute [6] . The use of a transgenic pig to produce recombinant human hemoglobin has been reported [25] , but this product has not been utilized in clinical trials [24] . Bovine hemoglobin, on the other hand, has no quantity constraints. It is the ingredient in the hemoglobin substitute actively studied in several clinical trials, including one involving orthopaedic surgery patients (Hemopure, Biopure Corporation, Cambridge, MA, USA). Bovine hemoglobin is obtained by lysing bovine RBCs and purifying the hemoglobin. Then, it is subjected to thorough sterilization and viral-inactivation methods that are not possible with whole blood [24] .
Modification of hemoglobin structure
The purified hemoglobin is then modified chemically to prolong its durability in the bloodstream. Various manufacturers have accomplished this in several ways depending on different formulations. As described above, hemoglobin tetramer, if infused into the bloodstream, would rapidly dissociate into dimers and monomers, get filtered by the kidney and potentially damage renal tubular cells. S78 Fig. 1 The hemoglobin tetramer is composed of four globin molecules that form a complex three-dimensional structure Modification of the chemical structure of the purified hemoglobin prolongs the half-life to 18-58 h [24] . Some formulations stabilize hemoglobin by attaching small molecules such as polyethylene glycol or polyoxyethylene to the lysine residues on the surface of the hemoglobin molecule [5] . This increases the viscosity of the solution and prolongs its half-life. The hemoglobin tetramers can also be induced to form a large polymer of tetramers by reacting with glutaraldehyde [9] . Glutaraldehyde has a free aldehyde group on both ends, allowing it to bond two hemoglobin tetramers and producing a chain of tetramers (Fig. 2) . It also forms intramolecular cross-links within each tetramer. Two products, Hemopure (Biopure) and Polyheme (Northfield, Evanston, NJ, USA) are made by polymerizing bovine and human hemoglobin, respectively, using glutaraldehyde. Finally, the α globin units within the hemoglobin tetramer can be cross-linked to each other by molecules such as bis-(3,4-dibromosalicyl) fumarate, producing a tetramer that is more stable in plasma than untreated hemoglobin [4] .
Properties of HBOC-201
We would like to describe in more detail the properties of HBOC-201, since it is the only preparation that is approved for use in humans in South Africa, and since it has been tested in international clinical trials with orthopaedic patients. HBOC-201 is a sterile, ultra-purified, glutaraldehyde polymerized bovine hemoglobin in a balanced saline solution. Only cattle from the United States that are 30 months of age or less and that have been certified as disease-free are used as donors. The hemoglobin is sterilized extensively to eliminate RBC stromata, bacterial endotoxins, viruses, and the prions responsible for vCJD and bovine spongiform encephalopathy. The product has an average molecular weight of 250 kD [9] . Its shelf life is at least 2 years when stored at a temperature of 2-30°C. It does not need cross-matching or typing and can be infused directly without reconstitution. Transfusing such a product gives the post-operative anemic patient a large infusion of iron (which is naturally bound to heme), which would help offset the iron lost from surgical bleeding. HBOC-201's oxygendissociation curve is right-shifted, with a P 50 (O 2 pressure at which 50% of oxygen-binding sites are saturated with oxygen) of 43 mm Hg, compared with 27 mm Hg for human hemoglobin. This lower affinity for oxygen allows HBOC-201 to release more oxygen in the peripheral tissues. Moreover, unlike human hemoglobin, whose affinity for oxygen is 2,3-DPG-dependent, bovine hemoglobin's oxygen affinity is chloride-dependent. Since HBOC-201 is an extracellular form of bovine hemoglobin, its affinity for oxygen is in the physiological range because of chloride ions in plasma. Extracellular human hemoglobin, on the other hand, must be modified by pyridoxylation to compensate for the lack of 2,3-DPG in plasma.
Animal and preclinical trials using HBOC Several investigators have studied HBOCs extensively over the last few years and have shed light on their potential benefits. Hughes et al. [9] drew 15% of the blood volume of 18 healthy volunteers and 23 controls and subsequently transfused different doses of HBOC-201 (test group) or lactated Ringer's solution (control group). They found that, in the test group, there were dose-dependent increases in oxygen-diffusion capacity calculated from pulmonary function tests. The volunteers receiving the highest doses of HBOC-201 had higher diffusion capacity than they did at baseline. The product had a half-life of about 20 h, and it was not eliminated renally. The authors believed that this increased ability to transport oxygen was secondary to enhanced oxygen diffusion from the extracellular hemoglobin, compared with lipid bilayer-encapsulated hemoglobin. Moreover, the oxygen-dissociation curve for HBOC-201 was shifted to the right relative to human hemoglobin, meaning that HBOC-201 was more able to unbind oxygen in the periphery and release it to the target organs. Standl et al. [22, 23] compared HBOC with autologous blood as resuscitation for dogs after massive blood loss. They found that the increase in skeletal muscle tissue oxygen tension per gram of transfused hemoglobin was higher after HBOC transfusion than after autologous RBC transfusion. They attributed this to better extraction of oxygen in the peripheral tissues because of HBOC's lower affinity for oxygen. Sampson et al. designed a similar study using a swine model for hemorrhagic shock [20] ; they compared HBOC-201 with other lowvolume resuscitation fluids, such as hypertonic saline, dextran, and pentastarch. They found that HBOC-201 was able to restore mean arterial pressure from 30 mm to 60 mm with a much smaller volume of infusion than the comparison fluids. They concluded that HBOC-201 could be an effective low-volume resuscitation fluid in the battlefield, rural areas, or other scenarios where efficient transport of fluid products was of prime importance. The same group of investigators evaluated pigs that had received HBOC transfusion, for evidence of end-organ damage [28] . The parameters used were lab values such as blood-gas analyses, urine output, and jejunal oximetry as well as analyses of different tissues at necropsy performed on post-injury day 3. The tissues analyzed were from the stomach, duodenum, ileum, lung, liver, and kidney. There was mild-tomoderate hepatocellular damage in four of six pigs infused with HBOC, accompanied by increases in serum aspartate aminotransferase. These changes were deemed transient, since levels of aspartate aminotransferase (AST) were returning to normal by post-injury day 3. The other tissues showed no histologic abnormalities.
Human trials using HBOC A number of publications describe HBOC trials in different patient populations and several more studies are in the manuscript-preparation stage. LaMuraglia et al. reported on a single-blind multicenter study of 72 patients undergoing elective, infrarenal aortic operations [15] . Patients were assigned to the HBOC-201 group or the allogeneic group at random, when the decision to transfuse was made. Thirty-five of 48 patients in the HBOC-201 group and 24 of 24 patients in the allogeneic blood group required allogeneic blood transfusions. Therefore, the use of HBOC-201 spared 27% of patients (95% confidence interval (CI): 15-42%) from requiring allogeneic blood transfusions. The average number of RBC units needed in the HBOC group, albeit smaller (2.0 vs 2.5) than that of the allogeneic group, did not show a statistically significant difference. The authors explained that, while the use of HBOC did not reduce the overall demand on allogeneic blood, it did allow 27% of patients to avoid the risks of allogeneic blood. There was a 15% increase in mean arterial pressure and a transient increase in blood urea nitrogen (BUN) in the HBOC group. However, the overall complication and mortality rates between the two groups were statistically similar.
Levy et al. [16] performed a double-blinded trial of HBOC-201 in 98 patients undergoing cardiac surgery and in need of a transfusion. HBOC eliminated the need for allogeneic transfusions in 34% (95% CI: 21-49%) of 50 patients in the HBOC group. The number of transfused RBC units was 0.47 units less in the HBOC group (p=0.05). The short half-life of HBOC required the use of as much as 120 g of HBOC hemoglobin (equivalent of 2 units) to spare about one-half unit of allogeneic blood. Furthermore, by post-operative-day 2, about 40% of circulating hemoglobin was in the oxidized methemoglobin form. Similar to the aortic study, there was a slight increase in mean arterial pressure with HBOC infusion. This is hypothesized to be secondary to nitric oxide binding by HBOC or to stimulation of the production of endothelin-1, an endogenous vasoconstrictor. Of 50 patients in the HBOC group, 14 experienced jaundice, but all cases resolved by the time of hospital discharge.
HBOC in orthopaedic patients
The safety and efficacy of HBOC-201 was evaluated in patients undergoing orthopaedic surgery in a Phase III study [10] . In this single-blind, multicenter randomized study of 688 patients who underwent orthopaedic procedures and subsequently needed a blood transfusion, 350 patients received HBOC-201 and 338 received allogeneic blood transfusion. The use of HBOC-201 spared 59.4% of patients in the HBOC group the need for allogeneic transfusion. This was valid at 6 weeks post-operatively. Similar to the studies above, transient increases in blood pressure were observed in the HBOC group, but they were not associated with any clinical sequelae. Adverse events occurring more frequently in the HBOC group also included gastrointestinal and cutaneous events, but these events were mild and self-limited [10] . The two groups had comparable mortality and serious-adverse-event rates. This illustrates that in three different surgical fields, the use of HBOC spared a significant proportion of patients from receiving allogeneic blood. While there were consistently observed associated effects of HBOC transfusion, such as blood pressure elevation, jaundice, and changes in AST and alanine aminotransferase (ALT) levels, there were no increases in renal insufficiency, liver failure, or rates of morbidity and mortality in the HBOC group.
Other technologies: perfluorocarbons and liposome-encapsulated hemoglobin Perfluorocarbons (PFCs) are molecules with linear or cyclic carbon backbones that are highly substituted with fluorine and occasionally other halogens [19] . They are immiscible with blood, so they must be prepared as emulsions using a phospholipid as a surfactant [7] . Instead of binding oxygen chemically as hemoglobin does, PFCs simply dissolve oxygen. PFCs have solubility for oxygen that is 20× greater than that of water [26] . Their oxygen-dissociation curve is linear, meaning that the patient needs to be ex-posed to high fractional inspired oxygen (FiO 2 ) for the PFC to carry meaningful amounts of oxygen. The advantages of PFCs arise from their completely synthetic nature; therefore, they should have no infectious risk. They can be produced on a large scale and with relatively low cost. PFCs, however, have been observed to activate, complement and stimulate the reticuloendothelial system (RES), leading to bronchospasm and thrombocytopenia. Furthermore, they are cleared by the RES relatively quickly, with an intravascular half-life of 12-18 h [26] .
Clinical trials have been performed over the last several years using different PFCs. Recently, perflubron (Oxygent; Alliance Pharmaceutical, San Diego, CA, USA) was investigated in a prospective multicenter, single-blind, randomized controlled study on 492 patients undergoing noncardiac general surgery [21] . The patients in the PFC group underwent acute normovolemic hemodilution (ANH) to a hemoglobin of 8.0 g/dl before incision. Intra-operatively, these patients were transfused with PFC. The autologous blood collected before surgery was transfused to the patients post-operatively. The purpose of this study was to evaluate if ANH/PFC would reduce the need for allogeneic transfusion since the autologous blood collected pre-operatively was returned to the patient after the surgical bleeding had been controlled. There was a statistically significant reduction in the number of allogeneic units transfused in PFC patients who lost >20 ml blood/kg. The overall incidence of adverse events was similar in the two groups. The mortality rate in the PFC group was 4% compared with 2% in the control group, but this was not statistically significant, and the deaths were thought to be related to underlying diseases such as malignancy. The authors concluded that the use of PFC may represent a new alternative for avoiding or minimizing the risks of allogeneic transfusions.
The concept of liposome-encapsulated hemoglobin has been intriguing, since placing the hemoglobin inside a lipid membrane obviates the need to chemically modify it and prolongs its intravascular half-life [24] . It is possible that 2,3-DPG and methemoglobin reductase could be encapsulated with the hemoglobin in the liposome to perform the other important functions of the RBC. However, this is still a concept in development. There will likely be difficulties in preparing liposomes that are uniform in size. There may also be unforeseen effects from the clearance of large amounts of this product by the reticuloendothelial system. This is a novel approach that merits more investigation.
Summary
The past several years have produced a large body of research into red blood cell substitutes. Hemoglobin-based oxygen carriers in particular are currently in use in South Africa and are actively being studied internationally, including in orthopaedic patients. The ability to address intra-operative and post-operative blood loss with a hemoglobin product that is sterile, non-allogeneic and universally accepted would have a significant impact on patient care and orthopaedic surgery. This is particularly important with regard to potential anticipated blood shortages, the reluctance of patients, families, and physicians to accept the risk of allogeneic blood, and the life-saving potential of such a product in the battlefield and other trauma settings.
